With China's commitment to peak its emissions by 2030, sectoral emissions are under the spotlight due to the rolling out of the national emission trading scheme (ETS). However, the current sector policies focus either on the production side or consumption while the majority of sectors along the transmission were overlooked. This research combines input-output modelling and network analysis to track the embodied carbon emissions among thirty sectors of thirty provinces in China. Based on the large-data resolution network, a two-step network reduction algorithm is used to extract the backbone of the network. In addition, network centrality metrics and community detection algorithms are used to assess each individual sector's roles, and to reveal the carbon communities where sectors have intensive emission links. The research results suggest that the sectors with high out-degree, in-degree or betweenness can act as leverage points for carbon emissions mitigation. In addition to the electricity sector, which is included in the national ETS, the study also found that the metallurgy and construction sectors should be prioritized for emissions reduction from national and local levels. However, the hotpots are different across provinces and thus provincial specific targeted policies should be formed. Moreover, there are nineteen carbon communities in China with different features, which provides direction for provincial governments' external collaboration for synergistic effects.
Introduction
The importance and urgency of reducing sectoral carbon emissions in China is widely recognized [1] [2] [3] [4] [5] [6] . However, there are many challenges in dealing with the problem efficiently due to the complex supply chain relationships between sectors. For carbon intensive sectors, a large percentage of sectoral outputs are used as intermediate inputs in other sectors of the economy. The intermingled sectoral connections make it challenging to differentiate each sector's responsibility for carbon emissions and where to target carbon emission reduction strategies.
In the current practice of identifying sector's responsibilities and advising policy to mitigate emissions, emissions are either allocated completely to the sectors involved in production (the production approach) or completely to those sectors involved in consumption (the consumption approach). The production-based accounting methods prioritize the sectors which directly produce the Appendix A for details on sector matching between the two data bases. After the aggregation, there were 30 sectors and 30 provinces contained in the database.
Method

Network Construction of 2012 Embodied Sectoral Carbon Emissions
The MRIO model tracks flows of products and services among sectors of different regions.
The inter-industry production matrix is represented by Z = z rs ij (i, j = 1, . . . , M; r, s = 1, . . . , N) where element z rs ij represents the intermediate input from sector i (e.g., the metal sector) in region r (e.g., Hebei province) to sector j (e.g., the construction sector) in region s (e.g., Beijing). The final demand vector is represented by f = N s=1 f rs i , where element f rs i represents the amount of products from sector i in region r sold to final consumers in region s. The total output vector is represented by x = x r i where element x r i is the total output of sector i in region r. Total output is calculated as the sum of intermediate demand and final demand in the economy as shown by Equation (1).
(1) A = a rs ij is defined as technical coefficient matrix, where element a rs ij = x rs ij /x s j is defined as geographical input coefficient. The element a rs ij is a constant and represents the direct requirement from sector i in region r per unit of output of sector j in region s. Formula (1) can be rewritten as
where I is the identity matrix. Equation (3) is the solution of the basic MRIO model. Given an exogenously specified demand, the equations can be used to calculate the total industrial output directly and indirectly generated by the demand. L = (I − A) −1 is the Leontief inverse or total requirements matrix. Each element represents the total amount of products of sector i in region r that are needed to produce one unit of products of sector j in region s.
An MRIO-based Chinese economy can be regarded as a network where nodes represent economic sectors, and edges between nodes represent economic transactions between sectors. Carbon emission are transferred along the same economic pathways embodied in goods and services sold through the supply chain. In other words, the carbon emissions that are embodied in the production process of products, are embedded within traded goods or services from one sector to another. These virtual or embodied emissions are transferred from sector i to sector j are represented by the embodied carbon emission transfer network, G in Equation (4) . From this notation nodes represent economic sectors and edges between nodes represent the flow of embodied carbon between them.
The embodied carbon emission transfer network of China can be constructed using the following equation.
G =kLf (4) where k is the carbon emission intensity vector, referring to each sector's direct production based carbon emission per monetary unit of its total output represented by the units (thousand tons CO 2 /¥); G is a matrix with the element g rs ij representing the transfer of embodied carbon emissions from sector i in region r to sector j in region s to satisfy the multi-regional final demand f . Please note that the elements in the G matrix represent the total embodied emissions within each sector that are both directly and indirectly generated throughout the supply chain. The embodied carbon network is analyzed, and this research presents the final carbon emission transmission relationship among sectors and regions after all rounds of production.
The embodied carbon emission transfer network can be represented by G = (V, E). The set of nodes are defined by V = {(1,1), . . . , (M,1), (1,2), . . . , (M,2), . . . , (1,N), . . . , (M,N)}, i.e., (industry code, region code). G = g rs ij is the adjacent matrix of the network. The set of directed edges is E = (i, r)( j, s) g rs ij > 0 and the carbon emission weights assigned to each edge of the matrix is given by ((i, r)( j, s) ) g rs ij .
Two-Step Reduction of the Carbon Network
It is difficult to draw information directly from the constructed embodied carbon emission network due to the very large number of non-zero edges contained in the network. Because of the nature of MRIO tables, almost all sector-region pairs are linked by some degree. The redundant intricacy and large number of edges presents challenges for network analysis and the functioning of some network metrics and algorithms. A common way to reduce the number of edges in a network is to set a threshold for edge weight and remove all the edges below the cut-off value.
However, setting the same threshold for all the regions and sectors will downplay the sectors with low carbon emission production, and has very limited noise reduction effect for reducing the statistically insignificant edges connected with the sectors with high carbon emission production. Nonetheless, the sectors with low carbon emission production may potentially be important for carbon emission transmission. In addition, while the edges of high carbon emission production sectors tend to be large in absolute values, some of them are not statistically significant compared with the source sectors' total emissions. Moreover, the embodied carbon emission network is a strongly disordered network with heavy-tailed statistical distribution of node strength and edge weight. It means that a high percentage of sectors have low carbon emission production and relatively week carbon emission transmission with other sectors. Therefore, it is difficult to set an appropriate threshold value large enough to reduce the number of edges to a manageable size for the network algorithm to function well, and small enough to keep the main structure for sectors with different scales of carbon emission production. For example, a threshold of one ton would reduce 9.5% percent of the total edges, and the noise for high carbon emission production sectors' edges would be left almost untouched.
In this research, we used Serrano et al.'s [19] algorithm to extract the backbone of the embodied carbon emission network. By using this algorithm, each node was assigned a null model, which informed the random expectation for the distribution of weights associated to its edges, considering the node's total strength. Each edge was compared with the null model of the two nodes at the end of each edge. Only when an edge was statistically significantly deviant from the null model of at least one of the end nodes, the edge would be kept. The significance level was put at a = 0.05 for this research. By taking the procedure, the nodes with comparatively small strength were not ignored, and the total number of edges were reduced considering all scales in the network.
After the backbone algorithm reduction, we use the threshold of one ton to reduce the network further. If the carbon emission flows between two sectors was less than one ton, the transfer relationship was considered too weak to be included. Therefore, the edge between the two sectors was deleted to further reduce the noise. A total of 92.90% of edges were removed using the backbone algorithm and a further 0.04% of edges were removed using the threshold of 1 ton.
Community Detection in the Carbon Network
The multi-level modularity optimization algorithm from the R library igraph was adopted to reveal the communities in the embodied carbon emission network. It is a heuristic method based for modularity maximization [20] . This algorithm works well on a large network, especially in terms of computation time and quality measured by modularity. Modularity Q measures the extent to which a network can be grouped into communities with distinct boundaries. It is commonly used to detect unfolding communities in many large networks for a number of different contexts [21] [22] [23] [24] .
Position Measurement of Sectors in the Carbon Network
In this paper, five classic network metrics at node level were adopted to analyze the embodied carbon emission network. Table 1 gives a brief introduction of the metrics. More detailed information about the metrics can be found in Appendix A.2. Table 1 . Network metrics and its meaning in the context of carbon emission network.
Network Metric Measurement Formula
Meaning in the Carbon Emission Network
Degree Centrality In-degree The total volume of embodied carbon emissions exported from a sector
Betweenness Centrality
The number of shortest paths going through a node b i = fTJ i Ty * The formula is adjusted using Liang's [17] algorithm.
The total volume of embodied carbon emissions going through a sector
Results and Discussions
Overview of the 2012 Embodied Carbon Emission Network of China
The 2012 embodied carbon emission network was constructed based on the 2012 MRIO table of China. The network had 900 nodes and 774,391 edges. For ease of clear expression, a sector of a province was denoted as a sub-sector, and a sector was denoted the sector at national scale for the following analysis. In the context of the national carbon emission network, there were 900 sub-sectors and therefore 900 nodes in the network. As discussed in Section 3.2, some network metrics cannot function well in a fully connected network. Take the degree centrality for example, 97.11% of all nodes had the same in-degree centrality 876 and out-degree centrality 882. The result was mainly due to the nature of input-output tables, where almost all sectors are connected after all rounds of production are considered. However, some connections are trivial in terms of total embodied emissions. Moreover, there was a large variance for the strength of edges. The maximum edge weight was 82.95 million tons, while the minimum was 0.003 g.
The final network used a backbone algorithm with a coefficient of a = 0.05 and an edge threshold of one ton. The final network therefore only consisted of edges that were statistically significant from the null model (higher than 95%) and with an edge weight that was above one ton. After the two-step network reduction, 886 nodes were retained in the final network. The deletion of 14 nodes were due to the fact that those sub-sector did not produce any carbon emissions and they did not have any significant in-flows and out-flows with other sectors. For example, Shanghai had no coal mining sector and this sector had no significant in-flows and out-flows, so the corresponding node was deleted from the raw network. After completing this process, the number of edges was reduced significantly retaining only 7.0% of all edges and eliminating 719,721 edges. At the same time, 93.0% of the total carbon missions were retained in the final network.
After all insignificant edges were removed, it was easier to extract the relevant information from the network. For an overview of the reduced network, both the degree and edge weight exhibited a long-tail characteristic. Take the degree including both in-degree and out-degree as an example. While the majority of nodes had a total degree of less than 200, there were still quite a few nodes having a much larger degree with a maximum of 921. In addition, the average degree including both in-degree and out-degree was 121. The overall network density was 0.071. (See detailed degree distribution in Figure A1 in the Appendix A). Figure 1 is a visualization of the 2012 embodied carbon emission network after the two-step reduction process. The figure was drawn by Gephi using the OpenOrd algorithm. The algorithm [25] was good at visualizing a large graph and for revealing both a local and global structure. In the figure below, each node represents a sector within a province and all nodes belonging to the same province were made the same color. The edges among the nodes represent the transmission of embodied emissions between sectors. The color of edges was decided by the source node and all the edges below 100,000 thousand tons were removed to show the transmission pattern more clearly. The sectors with a close trading relationship are graphed by the algorithm to have a close proximity while those with a distant relationship are forced apart. It can be seen that the transmission of embodied carbon emissions is distributed unevenly among the network. In general sectors from the same province have a much closer relationship, because the nodes in the same color tend to be in close proximity. In addition, the provinces in the center of the graph have their sectors highly connected. Especially for some sectors of Beijing, Inner Mongolia, and Jiangsu, which represent the heart of the network and show a close trading relationship with each other. On the other hand, there are some distinguished communities on the periphery of the network, especially for Qinghai and Hainan provinces. long-tail characteristic. Take the degree including both in-degree and out-degree as an example. While the majority of nodes had a total degree of less than 200, there were still quite a few nodes having a much larger degree with a maximum of 921. In addition, the average degree including both in-degree and out-degree was 121. The overall network density was 0.071. (See detailed degree distribution in Figure A1 in the Appendix A.) Figure 1 is a visualization of the 2012 embodied carbon emission network after the two-step reduction process. The figure was drawn by Gephi using the OpenOrd algorithm. The algorithm [25] was good at visualizing a large graph and for revealing both a local and global structure. In the figure below, each node represents a sector within a province and all nodes belonging to the same province were made the same color. The edges among the nodes represent the transmission of embodied emissions between sectors. The color of edges was decided by the source node and all the edges below 100,000 thousand tons were removed to show the transmission pattern more clearly. The sectors with a close trading relationship are graphed by the algorithm to have a close proximity while those with a distant relationship are forced apart. It can be seen that the transmission of embodied carbon emissions is distributed unevenly among the network. In general sectors from the same province have a much closer relationship, because the nodes in the same color tend to be in close proximity. In addition, the provinces in the center of the graph have their sectors highly connected. Especially for some sectors of Beijing, Inner Mongolia, and Jiangsu, which represent the heart of the network and show a close trading relationship with each other. On the other hand, there are some distinguished communities on the periphery of the network, especially for Qinghai and Hainan provinces. 
Position of Sub-Sectors and Sectors in the 2012 Embodied Carbon Emission Network
Outward Flows
Out-degree and out-strength capture the characteristics of a sector's outward embodied carbon emission flows. The out-degree metric counts a sector's export partners, and the sectors with high out-degree centrality are more likely to transmit its emissions to a wide range of other sub-sectors. On the other hand, the out-strength counts the total volume of embodied carbon emissions exported from a sector. Based on the reduced 2012 embodied carbon emission network, out-degree and outstrength for each sub-sector and sector are calculated using the metrics definition in Table 1 . See Table  2 below for the summary of the two metrics at sub-sector and sector level. (More details about sector level network metrics can be found in Table A2 in the Appendix A.) In addition, out-strength is closely associated with the amount of carbon emissions a sector directly produces. The Spearman 
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Outward Flows
Out-degree and out-strength capture the characteristics of a sector's outward embodied carbon emission flows. The out-degree metric counts a sector's export partners, and the sectors with high out-degree centrality are more likely to transmit its emissions to a wide range of other sub-sectors.
On the other hand, the out-strength counts the total volume of embodied carbon emissions exported from a sector. Based on the reduced 2012 embodied carbon emission network, out-degree and out-strength for each sub-sector and sector are calculated using the metrics definition in Table 1 . See Table 2 below for the summary of the two metrics at sub-sector and sector level. (More details about sector level network metrics can be found in Table A2 in the Appendix A). In addition, out-strength is closely associated with the amount of carbon emissions a sector directly produces. The Spearman correlation between the production-based accounting rank of the sub-sectors and the out-strength rank was 0.94. The high correlation suggested that although carbon intensive sectors produced a large amount of carbon emissions during the production procedure, these carbon-intensive products were mainly used to satisfy the final demand of other sectors. The electricity and hot water production and supply (EWPS) sector had the largest out-degree and out-strength values in every province and at national level. It was mainly due to the fact that the EWPS sector used a very large amount of fossil fuels energy to produce electricity, and electricity was used as inputs almost in all sectors for production. After all rounds of production, those partnerships were strengthened and EWPS sub-sectors ended up with a high out-degree and out-strength centrality.
However, there was a significant mismatch between out-degree rank and out-strength rank for the majority of other sectors. The Spearman correlation between out-degree rank of 900 sub-sectors and out-strength rank was 0.49. (More details about the comparison between out-degree and out-strength rank can be found in Tables A3 and A4 in Appendix A). This means those sectors are large producers of carbon emissions, but are also below average for transmitting emissions to a wide coverage of other sub-sectors. Take the non-metal product sub-sector as an example. It was listed 23 times in the top 100 high out-strength rank, but only 2 times in the top 100 high out-degree rank. This means that while the non-metal sub-sector is a carbon intensive sector, its products are taken as intermediate inputs by a comparatively small number of other sub-sectors. Figure 2 shows an example to demonstrate the importance of sectors with a high out-degree. The example in Figure 2 is not intended to draw out sectoral connections in the real economy, but to create a simple five-sector economy for demonstration. Suppose only sector A directly produces carbon emissions e during the whole supply chain. Only sector D, E, and F produce products that are used by final consumers, and they cause carbon emissions at the source by e 1 , e 2 , and e 3 respectively. From the whole system perspective, the carbon emissions produced at the source should be equal to the carbon emissions caused by final demand, so e = e 1 + e 2 + e 3 . The values in brackets are the amount of carbon emissions calculated from a production perspective (left in black) and consumption perspective (right in red).
The carbon intensive sector A has a high out-strength, but it does not transmit the carbon emissions to a large coverage of other sectors, which results in low out-degree, such as the non-metal mining sector. It is sector B that spreads out carbon emissions and has a high out-degree, such as "other manufacturing" sector. Sector B is not deemed as important from neither a production or consumption perspectives, but it plays an important role in transmitting the carbon emission out to a wide coverage of other sectors. From a policy perspective, sector B is very important in tracking carbon emissions. By informing the downstream suppliers with carbon information. In time, with relevant policy guidance, it is more likely to bring out the collective efforts of all the downstream players on carbon emission mitigation together. 
Inward Flows
In-degree and in-strength capture the characteristics of a sector's inward embodied carbon emission flows. The in-degree metric counts a sector's number of import partners, and the sectors with high in-degree centrality are more likely to receive embodied emissions from a wide range of other sub-sectors. On the other hand, the in-strength counts the total volume of embodied carbon emissions imported to a sector. Based on the reduced 2012 embodied carbon emission network, indegree and in-strength for each sub-sector and sector are calculated using the metric definition in Table 1 . See Table 3 below for the summary of the two metrics at sub-sector and sector level. In addition, the Spearman correlation between the in-strength rank of the sub-sectors and the consumption-based accounting rank was 0.96, a very high correlation between the ranks. Table 3 . Summary of in-degree and in-strength metrics (Unit of in-strength: Thousand tons).
Network Metric Mean Median Standard Deviation Maximum Minimum
Sector at provincial level The construction sector had the largest in-degree and in-strength values in every province and at national level. It was mainly because the construction sector uses a large amount of carbon intensive products during the production procedure. In addition, the products of the construction sector, i.e., construction buildings, were mainly used to satisfy final demand. Even though a small percentage of construction buildings were used as intermediate inputs by other sectors, because the sector only produces a small amount of carbon emissions directly and the construction of buildings 
Inward Flows
In-degree and in-strength capture the characteristics of a sector's inward embodied carbon emission flows. The in-degree metric counts a sector's number of import partners, and the sectors with high in-degree centrality are more likely to receive embodied emissions from a wide range of other sub-sectors. On the other hand, the in-strength counts the total volume of embodied carbon emissions imported to a sector. Based on the reduced 2012 embodied carbon emission network, in-degree and in-strength for each sub-sector and sector are calculated using the metric definition in Table 1 . See Table 3 below for the summary of the two metrics at sub-sector and sector level. In addition, the Spearman correlation between the in-strength rank of the sub-sectors and the consumption-based accounting rank was 0.96, a very high correlation between the ranks. The construction sector had the largest in-degree and in-strength values in every province and at national level. It was mainly because the construction sector uses a large amount of carbon intensive products during the production procedure. In addition, the products of the construction sector, i.e., construction buildings, were mainly used to satisfy final demand. Even though a small percentage of construction buildings were used as intermediate inputs by other sectors, because the sector only produces a small amount of carbon emissions directly and the construction of buildings can be only used locally, the out-strength and out-degree were very small. Therefore, the construction sector can be regarded to be at the end of the value chain.
A mismatch between in-degree rank and in-strength rank for the majority of other sectors can be observed. The Spearman correlation between in-degree rank of 900 sub-sectors and in-strength rank was 0.73. (More details about the comparison between in-degree and in-strength rank can be found in Tables A5 and A6 in the Appendix A). It suggests that sectors inducing a large amount of carbon emission from consumption perspective were more likely to have high in-degree values. However, there were still some sectors inducing small amount of carbon emissions from consumption perspective had high in-degree values, such as the 'other manufacturing' sector of Shanghai with a difference of 335 in the two ranks. Figure 3 shows an example to demonstrate the importance of sectors with a high in-degree value. Suppose only sector A, B, C produce carbon emissions during the production procedure, and only sector E produces products that are used by final consumers. The carbon intensive sector E has a high in-strength, but it does not receive the carbon emissions from a large range of other sectors, which results in low in-degree, such as the textile sector. It is the sector D that receive carbon emissions from a wide range of sectors and it has a high in-degree, such as transport and storage sector. Sector D is therefore not deemed as important from either a production or consumption perspective, but it plays an important role in transmitting the carbon emission from a wide coverage of sectors. From a policy perspective, sector D is also very important in tracking carbon emissions. By asking for carbon information, sector D is pushing the upstream suppliers to implement carbon tracking practice. In addition, it is good for sector D and the downstream suppliers to make informed decisions to reduce carbon intensive inputs. can be only used locally, the out-strength and out-degree were very small. Therefore, the construction sector can be regarded to be at the end of the value chain. A mismatch between in-degree rank and in-strength rank for the majority of other sectors can be observed. The Spearman correlation between in-degree rank of 900 sub-sectors and in-strength rank was 0.73. (More details about the comparison between in-degree and in-strength rank can be found in Tables A5 and A6 in the Appendix A.) It suggests that sectors inducing a large amount of carbon emission from consumption perspective were more likely to have high in-degree values. However, there were still some sectors inducing small amount of carbon emissions from consumption perspective had high in-degree values, such as the 'other manufacturing' sector of Shanghai with a difference of 335 in the two ranks. Figure 3 shows an example to demonstrate the importance of sectors with a high in-degree value. Suppose only sector A, B, C produce carbon emissions during the production procedure, and only sector E produces products that are used by final consumers. The carbon intensive sector E has a high in-strength, but it does not receive the carbon emissions from a large range of other sectors, which results in low in-degree, such as the textile sector. It is the sector D that receive carbon emissions from a wide range of sectors and it has a high in-degree, such as transport and storage sector. Sector D is therefore not deemed as important from either a production or consumption perspective, but it plays an important role in transmitting the carbon emission from a wide coverage of sectors. From a policy perspective, sector D is also very important in tracking carbon emissions. By asking for carbon information, sector D is pushing the upstream suppliers to implement carbon tracking practice. In addition, it is good for sector D and the downstream suppliers to make informed decisions to reduce carbon intensive inputs. 
Betweenness
The betweenness of a sub-sector measures its influence as a transmission vehicle for embodied carbon. It examines the amount of embodied carbon emissions going through a sector to satisfy other sectors' final demand. Sectors with high betweenness are different from carbon emission senders (i.e., out-degree and out-strength) and carbon emission receivers (i.e., in-degree and in-strength). These sectors are in the middle of the supply chain and act purely in a transmission role. Based on the reduced 2012 embodied carbon emission network, betweenness for each sub-sector and sector are calculated using the metric definition in Table 1 . See Table 4 below for the summary of this metric at 
The betweenness of a sub-sector measures its influence as a transmission vehicle for embodied carbon. It examines the amount of embodied carbon emissions going through a sector to satisfy other sectors' final demand. Sectors with high betweenness are different from carbon emission senders (i.e., out-degree and out-strength) and carbon emission receivers (i.e., in-degree and in-strength). These sectors are in the middle of the supply chain and act purely in a transmission role. Based on the reduced 2012 embodied carbon emission network, betweenness for each sub-sector and sector are calculated using the metric definition in Table 1 . See Table 4 below for the summary of this metric at sub-sector and sector level. In addition, metallurgy sector had the largest betweenness value in every province and national level. It suggests that metallurgy takes carbon-intensive inputs from other sub-sectors, and their products are largely used as intermediate inputs for the production of other sub-sectors. (More details about betweenness ranks of sectors and sub-sectors can be found in Tables A7 and A8 in the Appendix A). Figure 4 shows an example to demonstrate the importance of sectors with high betweenness value. Suppose only six sectors A-F produce carbon emissions during production, and only six sectors J-K produce products that are used by final consumers. In addition, the sum of e 1 , e 2 , e 3 , e 4 , e 5 , and e 6 is equal to the sum of e 7 , e 8 , e 9 , e 10 , e 11 , and e 12 . In the theoretical situation where sectors G, H, I, J, and K do not produce any emissions and do not sell any products to final consumers, these sectors will be ignored from both a production and consumption perspective. However, these sectors have large betweenness values from a transmission perspective. The betweenness sector focuses on the total amount of carbon emissions going through a sector from a whole economy perspective. In this case, sector I has the largest betweenness value. From a policy perspective, the sectors with high betweenness values can act as a leverage point for collective carbon emission reductions by reducing inputs of carbon-intensive products through production technology improvement. In addition, by supervising and implementing the carbon tracking practice, the sectors with high betweenness and their downstream suppliers can make informed decisions on choosing inputs. Figure 4 shows an example to demonstrate the importance of sectors with high betweenness value. Suppose only six sectors A-F produce carbon emissions during production, and only six sectors J-K produce products that are used by final consumers. In addition, the sum of e1, e2, e3, e4, e5, and e6 is equal to the sum of e7, e8, e9, e10, e11, and e12. In the theoretical situation where sectors G, H, I, J, and K do not produce any emissions and do not sell any products to final consumers, these sectors will be ignored from both a production and consumption perspective. However, these sectors have large betweenness values from a transmission perspective. The betweenness sector focuses on the total amount of carbon emissions going through a sector from a whole economy perspective. In this case, sector I has the largest betweenness value. From a policy perspective, the sectors with high betweenness values can act as a leverage point for collective carbon emission reductions by reducing inputs of carbon-intensive products through production technology improvement. In addition, by supervising and implementing the carbon tracking practice, the sectors with high betweenness and their downstream suppliers can make informed decisions on choosing inputs. The sectors with high betweenness can serve as new acting points for carbon emission mitigation. Take the EWPS (electricity and hot water production and supply) sector of Beijing as an example. From a production perspective, among the EWPS sectors of 30 provinces, Beijing was ranked 27th in terms of direct carbon emission production from high to low. In comparison to other sectors it produced a relatively small amount of carbon emissions and exhibited clean energy characteristics. The carbon emission intensity (carbon emission produced per unit of GDP) was the lowest among all the provinces. From a production perspective, it was not deemed as an urgent sector for carbon emission abatement due to the small amount of carbon emission production and low carbon emission intensity. From a consumption perspective, because it did not induce large amount of carbon emissions from other sectors to satisfy its own final demand, it was not deemed as important either.
However, the EWPS sector of Beijing was identified as having high-betweenness and acted as an intermediary sector within the economy. From a consumption perspective, Beijing-EWPS sector had a comparatively high inflow. The amount of carbon emission transferred from Shanxi-EWPS and Inner-Mongolia-EWPS to Beijing-EWPS was 2.6 times as large as the carbon emission produced by Beijing itself. However, the EWPS was not used to meet final demand of the sector itself. Instead, it was mainly used to meet the final demands of other sectors. The EWPS was used by many other sectors in Beijing, such as the metallurgy sector, and then transferred to many other sectors in other provinces, such as transport equipment in Shanghai. Therefore, there was a comparatively larger amount of embodied carbon emission flows going through Beijing' EWPS sector, rather than being directly produced or consumed by the sector directly.
Community of the 2012 Embodied Carbon Emission Network
Nineteen communities of sub-sectors were revealed by using the multi-level modularity optimization algorithm with a modularity score 0.688. The modularity score measures the extent to which a network can be grouped into communities with distinct boundaries [26, 27] . It ranges from 0 to 1. The higher the modularity score, the clearer the boundary is. The high modularity score here suggests a fairly distinct boundary among all the communities. Please see Table 5 for the community details. The communities were ranked according to the percentage of the total carbon emission the sectors of a community transmitted were retained within the community (WoT). The carbon flow links among sectors within the community was more intensive than with the sectors outside a community, in terms of both number and weight of edges. In addition, WoT percentage ranged from 49.67% to 96.63%. It suggests that each community exhibited different characteristics. While some communities kept carbon emission flows within its community boundary, other communities had extensive carbon flow connections outside the community. Figure 5 is a visualization of the embodied carbon emission flows among communities using OpenOrd algorithm in Gephi [25] . The nodes represented the communities, and the node size was decided by the within-community carbon emission flows. The edges represented the emission flows transmitted among communities. The color of edges was decided by the source node, the arrows pointed out transmission direction, and the width corresponded to the emission amount. It can be seen that some communities had more intensive interactions than others, which were put in the middle of the network, such as the Jiangsu-Anhui community. Some communities had less interaction, which were put on the periphery of the network, such as Qinghai community. In addition, some communities had significant outflows and inflows with other communities, which can be seen in the large arrows. The significant flows from the Hebei community to the Jiangsu-Anhui community was a good example. The total amount of carbon emissions the sectors of a community received and sent. 2 Within community flow: The amount of carbon emissions the sectors of a community sent out were received by the community sectors themselves, and vice versa. 3 Outside community flow: The amount of carbon emissions the sectors of a community sent outside the community and received from outside the community. 4 WoT percentage: The percentage of total community flows were the within-community flows. 5 WoC percentage: The percentage of total carbon emissions in China were the within-community flows. This research identified three community typologies. The first typology included community sectors only belong to one province, and all the sectors of the province were put into this community. Nine communities belonged to this typology, such as Fujian and Jiangxi provinces. In these typologies, the percentage of in-community flow compared to total-flows ranged from 62.8% in the Henan community to 96.6% to Hubei community. They kept the majority of carbon emission flows within their provincial boundary. The second and third typologies included community sub-sectors of more than one province and there were 10 communities belonging to this typology.
The second type of typology, such as the Shanghai-Zhejiang community, had all sectors of the relevant provinces put into one community. The provinces were equally important in terms of the number of sectors put within the community. For the third typology, there was at least one dominant province existing within the community, all of whose sectors were put into the community. The province(s) in a peripheral position had a small number of sectors grouped into the community. Take the Shanxi(-Beijing) community for example. Shanxi province was the dominant province consisting of all 30 sectors. Due to the intensive carbon emission flows between the coal mining sector of Beijing and other sectors of Shanxi, especially considering the large amount of coal mining products directly demanded from Shanxi to Beijing's coal mining sector, the coal mining sector of Beijing was put into the same community of Shanxi. For the latter two typologies, 8 out of 10 communities kept more than 61.3% of their carbon emissions within the community. However, the Inner Mongolia-Tianjin(-Beijing) community and the Shanxi(-Beijing) community still had extensive carbon emission links outside the communities, with in-community flows out of total flows representing 59.84% and 49.67% respectively.
Thirty sectors of Beijing were separated into six different communities across eleven provinces. This suggests that Beijing is a highly interconnected province. In addition, the amount of imported This research identified three community typologies. The first typology included community sectors only belong to one province, and all the sectors of the province were put into this community. Nine communities belonged to this typology, such as Fujian and Jiangxi provinces. In these typologies, the percentage of in-community flow compared to total-flows ranged from 62.8% in the Henan community to 96.6% to Hubei community. They kept the majority of carbon emission flows within their provincial boundary. The second and third typologies included community sub-sectors of more than one province and there were 10 communities belonging to this typology.
Thirty sectors of Beijing were separated into six different communities across eleven provinces. This suggests that Beijing is a highly interconnected province. In addition, the amount of imported emissions was much larger than exported emissions. The main reason for this is that Beijing, as the capital of China, is the most developed and populous city in the north, with substantial demand for goods and services from the rest of the economy. While the Beijing has comparatively low production emissions, with the third lowest carbon emissions across all thirty provinces, it consumes a large quantity of carbon intensive products from other areas.
In general, sectors within the same community have a geographically close proximity. This is consistent with the traditional wisdom of regional divisions of China, and at the same time revealed another level of insight. It is common to see six or seven regional division cited in in official sources of China, such as the National Bureau of Statistics of China. Please see Table 3 for details about regional divisions. Provinces in the same region are in close proximity and share similar culture and tend to have higher trading volumes. Duan [28] , Zhao [29] , and Zhou [30] all used similar regional divisions. This suggests a common assumption from researchers that provinces within regions have intensive carbon emissions exchange.
Our research finds that there is a consistent difference between regional boundaries and the geography of carbon communities. Carbon communities involving multiple provinces are usually formed within a regional boundary. The results showed that there are at least two communities within one region and there is only one community crossing a regional boundary (Inner-Mongolia-Tianjin community). This means that carbon emission flows were not distributed evenly within a region. For the central and north regions, the provinces were comparatively more independent, with each province forming its own community. For other regions, it was common to see two or more provinces put into one community demonstrating a close connection within these provinces. Take East China for example, there were Shanghai-Zhejiang community and Jiangsu-Anhui community. It meant that even though the four provinces were geographically close to each other, the carbon emissions exchange were much more intensive between Shanghai and Zhejiang, and between Jiangsu and Anhui. See more details about the comparison between regional division and community division in Table 6 and Figure 6 . 
Position of Sectors in Carbon Communities
Each community should adopt different priorities for reducing carbon emissions within its sectors, incorporating insights from the outflow, inflow and betweenness perspectives. Despite the fact that EWPS, construction and metallurgy sectors were taken as priority sectors in all communities using outflow, inflow and betweenness perspectives respectively, the majority of the sectors had different roles to play in different carbon communities. Take the outflows in the case of Shanxi community and Hubei community for example. While the coal mining sector, petroleum sector as well as transport and storage sector were sectors with large out-flows, this was not the case in the Hubei community. Instead, food processing and tobacco sector, metal sector, and transport equipment sectors were the large out-flow sectors in Hubei.
There was consistency between community features and sub-sector features. This suggests that 
There was consistency between community features and sub-sector features. This suggests that localized policies for different communities may provide an alternative policy option. Even for the same metrics, the values vary substantially for each community and therefore require bespoke policies. Looking at out-degree there was significant differences between the top five high out-degree sectors between Shanxi and Hubei communities. In Shanxi community, the out-degree of EWPS sector was 855, and the transport and storage sector was 174, which had the 5th highest out-degree in Shanxi community. In Hubei community, the out-degree of EWPS sector was 147 and the 5th highest out-degree sector, i.e., transport equipment, was 39. This metric result can partly explain the fact that Shanxi community had a comparatively low percentage of in-community flow compared to total-flows, while Hubei community had a high one. In addition, Shanxi province should put more effort in tracking carbon emissions to find out the parties which should be in position to share the responsibility for carbon emission abatement.
Conclusions and Policy Implications
Betweenness, out-degree and in-degree provide new information on the transmission pathways within an economy and new opportunities for targeting carbon emission reductions. The EWPS sector in Beijing with a high betweenness metric is one example for targeting carbon mitigation policy. The importance of this sector is missed when using either a production or consumption perspective, but it can act as an important gatekeeper to reduce carbon-intensive inputs for overall carbon emissions reduction. In addition, the low correlation between degree and strength suggests that the sectors which produce or induce large amounts of carbon emissions are not always in a good position to spread or receive emissions from other sectors. Instead, the sectors with high out-degree or in-degree act as a bridge and therefore could serve as new acting point to reduce carbon emissions.
EWPS (electricity and hot water production and supply) sector, construction sector, and metallurgy sector have largest out-flows, in-flows and betweenness flows respectively at provincial, community and national levels. They are important both in the quantity of flows and the number of their sector links. In addition, the EWPS and metallurgy sectors should be given more close attention, because they have large out-flows and betweenness flows at the same time at both local and national levels. However, the majority of sub-sectors had different degree centrality, strength centrality, and betweenness in different communities. Therefore, localized policies should be formed for the same sector in different communities.
Moreover, this analysis highlights the importance of provincial governments in mitigating carbon emissions. Because there are more carbon emissions flows within a community, there may be a synergistic effect if efforts were directed on a carbon community rather than individual sectors. This analysis showed that many communities are formed within the geographical boundary of provinces. This implies that provincial governments have an important role to play in mitigating emissions within their jurisdiction.
Finally, the community detection results provide insights for collaboration among provincial governments tackling the carbon emission mitigation problem together. The discrepancy between the sectors which produce large amount of carbon emissions and the sectors which induce large amount of carbon emissions by consumption asks for collaboration among sectors for dealing with the problem together. The identification of key carbon communities explicitly provides the information about which sub-sectors should be partnered together for effective emissions reduction.
Based on the research results and conclusions, we propose the following policy suggestions. Firstly, the EWPS, metallurgy and construction sector should be prioritized as a focus for carbon emissions reduction from both national and local levels. The recently launched national Emission Trading Scheme (ETS) put the electricity sector as the first priority for carbon mitigation. This is consistent with results from this research which confirms EWPS sector as the top priority for carbon mitigation. The metallurgy sector and construction sector are also important sectors to focus on but have not been on the policy radar yet. In addition, for the majority of sectors, targeted policies should be formed specifically for each different carbon community and local government within a province.
Secondly, carbon emission mitigation policies need to target the sectors with high out-degree, in-degree or betweenness. All three metrics are important for tracing embodied carbon emissions. While the sectors with high out-degree are critical to implementing carbon tracking practice, the sectors with high in-degree are critical for supervising other downstream sectors. The carbon tracking practice can help clarify a sectors' responsibilities and help governance bodies and companies to make informed decisions to reduce carbon emissions. In addition, for the sectors with high betweenness, which have a large amount of embodied carbon emissions going to these sectors, should focus on reducing the intake of carbon-intensive inputs, which in turn can reduce the carbon emissions at the whole system level. Take the EWPS sector of Beijing as an example, which has high betweenness and out-degree values. For upstream suppliers, the requirement of the carbon tracking information and the preference for low-carbon products, such as wind-generated electricity, can push the upstream sectors to reduce carbon emissions. For the sector itself, it is a key acting point to implement carbon tracking practice to make sure that the carbon emissions are traceable for a large number of downstream suppliers. In this way, the downstream players will be in a better position to collectively work towards carbon emission mitigation by making informed low-carbon purchase decisions.
Thirdly, the community detection results provide direction for provincial governments' external collaboration and the percentage of in-community flows compared to total-flows suggests the focus for internal improvement or external cooperation. For communities with one province and high percentage of in-community flows compared to total-flows, such as Hubei province, the efforts for carbon emission mitigation would benefit from more internal focus with proposed solutions being the responsibility of individual local governments. For communities consisting of more than one province with high percentage of in-community flows compared to total-flows, close collaboration between the provinces in the same community should be prioritized. Take Shanghai-Zhejiang community for example, the cooperation between the two local governments would yield a synergistic benefit policy benefit. In addition, for communities with comparatively low percentage of in-community flows compared to total-flows, such as Shanxi community, efforts should be made from two directions. While the collaboration within the community should be encouraged, because at least half of carbon emission were kept within the community, the outside links the community has should also be given close attention. In the case of Shanxi community, the strong interactions with Heilongjiang-Jilin-Liaoning community, Hebei community, and Inner-Mongolia-Tianjing also should be considered together for effective emission mitigation.
Finally, Beijing should play roles for the carbon emissions mitigation in China in terms of supervision and knowledge sharing. The fact that the thirty sectors of Beijing were separated into six carbon communities mainly in the north and with a large amount of net imported carbon emission flows requires a strong supervision role with its close trading partners. If Beijing could show clear preference of low-carbon products for both sectors and final demand intakes, it would push the low-carbon transition for the whole northern part of China. In addition, Beijing has the advantage of upgrading low-carbon technology due to an educated workforce. The knowledge sharing between Beijing and the relevant communities would further assist the transition to a low carbon economy. 
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This manuscript has not been published and is not under consideration for publication elsewhere. We have no conflicts of interest to disclose. Degree centrality captures the connectedness of a node in the network. It measures the importance of a node on counting the number of links the node directly has with other nodes. In a directed network, degree centrality can be categorized into in-degree centrality (number of inbound links) and out-degree centrality (number of outbound links).
In the context of carbon emission network, in-degree centrality measures a sector's number of import partners, which transferred carbon emissions to this sector. Out-degree centrality measures a sector's number of export partners, which received carbon emissions from this sector. The sectors with high degree centrality are likely to be in a good position to quickly transfer its emissions to/from other sectors.
The equation for calculating in-degree centrality and out-degree centrality are as follows. where N i is the set of nodes connected to node (i, r). If there is an edge from (j, s) to (i, r), = 1, otherwise = 0. If there is an edge from (i, r) to (j, s), D rs ij = 1, otherwise D rs ij = 0.
Appendix A.2.2. Strength
Node strength measures the total weights of edges connected to a node. In a directed network, strength is categorized into in-strength and out-strength. In the carbon emission network, in-strength denotes the total volume of embodied carbon emissions imported to a sector. Out-strength denotes the total volume of embodied carbon emissions exported from a sector. The sectors with high strength centrality are likely to produce a large amount of carbon emissions.
The equation for calculating in-degree centrality and out-degree centrality are as follows. where N i is the set of nodes connected to node (i, r). G = g rs ij is the adjacent matrix of the network. The set of directed edges is E = {(i, r) (j, s)|g rs ij > 0} and the carbon emissions weight assigned to the edge ((i, r) (j, s)) is g rs ij .
Appendix A.2.3. Betweenness
The betweenness of one node is defined by the number of shortest paths going through it. Betweenness usually measures the media capability of nodes in the network. If one sector has high betweenness, it means that this sector has strong media capacity. However, this metric is usually based on unweighted and undirected network, and it assumes the connections between nodes happen along with the shortest path [31] . The embodied carbon emission network is a directed and weighted network, and carbon emission flows do not always go along with the shortest path for geographical, economic or historical reason. Therefore, this classic metric algorithm does not function well in the context. Liang (2016) adjusted the algorithm to better reflect a sector's media capacity. It considered the direction and weights of input-output network, as well as the weights of nodes' self-flows. The algorithm calculated the total amount of flows going through a node. Details of the adjusted algorithm can be seen from Liang (2016) paper on betweenness-based method. In the paper, the betweenness of a node b i = fTJ i Ty, where row vector f is the carbon intensity for each sector's output, T = LA (A is technology coefficient matrix, and L is Leontief inverse matrix), J i is a diagonal matrix with all the values on the diagonal equaling to 1, and column vector y is final demand of products from each sectors. Table A5 . The frequency of sectors listed in the top 100 sectors in in terms of high in-degree and in-strength.
Row Labels In-Degree In-Strength
Chemical industry 2 3
Clothing, leather, fur, etc. 3 4
Construction 29 29
Electrical equipment 4 7
Electronic equipment 4 2
Food processing and tobaccos 4 5 General and specialist machinery 11 10 Instrument and meter 0 1
Metal products 3 5
Other services 21 19 Paper making, printing & stationery 1 1 Scientific research 1 0
Textile 1 1
Transport and storage 2 0
Transport equipment 13 12 Wholesale and retailing 1 1 Table A8 . Betweenness rank from national sector perspective.
Sector
Rank Betweenness Production Emissions
Consumption Emissions  Table A8 . Cont.
Sector
Rank Betweenness Production Emissions
Consumption Emissions
